Abstract. We discuss recent results on heavy and light baryon spectroscopy.
INTRODUCTION
Hadron spectroscopy has undergone a great renaissance in recent years [1] . The new findings include: low-lying excitations of D and B mesons, long-awaited missing states and new states near 4 GeV/c 2 in the charmonium spectrum, charmed and bottom baryons, and evidence for doubly charmed baryons. The light hadron sector remains also restless reporting new scalar mesons or showing a deep theoretical interest in the high energy part of both the meson and baryon spectra. In this talk we center our attention in the heavy baryon spectroscopy as well as some anomalous states present in the light baryon spectra.
HEAVY BARYONS
Heavy baryons containing a single heavy quark are particularly interesting. The light degrees of freedom (quarks and gluons) circle around the nearly static heavy quark. Such a system behaves as the QCD analogue of the familiar hydrogen bounded by the electromagnetic interaction. When the heavy quark mass m Q → ∞, the angular momentum of the light degrees of freedom is a good quantum number. Thus, heavy quark baryons belong to either SU(3) antisymmetric3 F or symmetric 6 F representations. The spin of the light diquark is 0 for3 F , while it is 1 for 6 F . Thus, the spin of the ground state baryons is 1/2 for3 F , representing the Λ b and Ξ b baryons, while it can be both 1/2 or 3/2 for 6 F , allocating
and Ω * b , where the star indicates spin 3/2 states. Therefore heavy hadrons form doublets. For example, Σ b and Σ * b will be degenerate in the heavy quark limit. Their mass splitting is caused by the chromomagnetic interaction at the order 1/m Q . These effects can be, for example, taken into account systematically in the framework of heavy quark effective field theory. The mass difference between states belonging to the3 F and 6 F representations do also contain the dynamics of the light diquark subsystem, hard to accommodate in any [2] . The results are shown in Table 1 compared to experiment and other theoretical approaches. All known experimental data are nicely described. Such an agreement and the exact method used to solve the threebody problem make our predictions also valuable as a guideline to experimentalists.
As compared to other results in the literature we see an overall agreement for the low-lying states both with the quark-diquark approximation of Ref. [5] and the variational calculation in a harmonic oscillator basis of Ref. [4] . It is worth noticing that the relativistic quark-diquark approximation and the harmonic oscillator variational method predict a lower 3/2 + excited state for the Λ b baryon. Such result can be easily under- 
State
Full
stood by looking at Table 2 , where it is made manifest the influence of the pseudoscalar interaction between the light quarks on the Λ b (1/2 + ) ground state, diminishing its mass by 200 MeV. If this attraction were not present for the Λ b (1/2 + ), the Λ b (3/2 + ) it would be lower in mass as reported in Refs. [4, 5] (a similar effect will be observed in the charmed baryon spectra). Thus, the measurement and identification of the Λ b (3/2 + ) is a relevant feature that will help to clarify the nature of the interaction between the light quarks in heavy baryon spectroscopy, determining the need of pseudoscalar forces consequence of the spontaneous chiral symmetry breaking in the light flavor sector.
In the case of charmed baryons, there are some excited states that it is not even known if they are excitations of the Λ c or Σ c . Besides, a number of new Ξ c and Ξ ′ c states have been also discovered recently [2] . As can be seen all known experimental states fit nicely into the description of our model not leaving too many possibilities open for the assigned quantum numbers as we resume in Table 3 .
Finally, we can make parameter free predictions for ground states as well as for spin, orbital and radial excitation of doubly charmed and bottom baryons. Our results are shown in Table 4 . For doubly charmed baryons, the ground state is found to be at 3579 MeV, far below the result of Ref. [4] and in perfect agreement with lattice nonrelativistic QCD [6] , but still a little bit higher than the non-confirmed SELEX result, 3519 MeV [7] . It is therefore a challenge for experimentalists to confirm or to find the ground state of doubly charmed and bottom baryons. The combined study of Qqq and QQq systems, where Q stands for a heavy c or b quark and q for a light u, d, or s quark, will also provide some hints to learn about the basic dynamics governing the interaction between light quarks. The interaction between pairs of quarks containing a heavy quark Q is driven by the perturbative onegluon exchange. For the Qqq system the mass difference between members of the 6 F SU(3) representation comes determined only by the perturbative one-gluon exchange, whether between members of the 6 F and3 F representations it presents contributions from the one-gluon exchange and also possible pseudoscalar exchanges. If the latter mass difference is attributed only to the one-gluon exchange (this would be the case of models based only on the perturbative one-gluon exchange), it will be strengthened as compared to models considering pseudoscalar potentials at the level of quarks, where a weaker one-gluon exchange will play the role. When moving to the QQq systems only one-gluon exchange interactions between the quarks will survive, with the strength determined in the Qqq sector, where we have experimental data. This will give rise to larger masses for the ground states, due to the more attractive one-gluon exchange potential in the Qqq sector, what requires larger constituent quark masses to reproduce the experimental data. This could be the reason for the larger masses of ground state doubly heavy baryons obtained with gluon-based interacting potentials [4, 9] .
LIGHT BARYONS
In the Particle Data Group (PDG) book [10] the light-quark (u and d) baryon spectrum is composed of forty resonances rated from one ( * ) to four ( * * * * ) stars. The PDG average-mass region below 1950 MeV contains mostly four-star (well established) resonances, fourteen out of twenty three, the same being true for the Λ strange sector, eight out of eleven. This makes this mass region the most suitable for testing any spectroscopic quark model. From the pioneering Isgur and Karl's non-relativistic quark model in the late 70's [11] more refined spectroscopic quark models for baryons, based on twobody interactions, have been developed [12] . We will refer to them as two-body quark models and we shall denote them generically as 3q 2b . As an overall result the masses of the fourteen four-star resonances, most times with the exception of N P 11 (1440), are rather well predicted (≤ 100 MeV difference with the PDG average value) by these models. Regarding the five three-star (likely to certain existence) resonances, the situation is much less favorable since the masses of two of them, ∆ P 33 (1600) and ∆ D 35 (1930), are generally overpredicted, up to 250 MeV above the PDG average value. Let us note that a similar discrepancy is observed for ∆ S 31 (1900)( * * ) and ∆ D 33 (1940)( * ) (≥ 100 MeV difference with the PDG average value) which can be related to ∆ D 35 (1930) as we shall show, and for ∆ P 31 (1750)( * ) (up to 200 MeV above the PDG average). In the strange Λ sector an outstanding overpredicted (by 80 − 150 MeV) state is the Λ S 01 (1405)( * * * * ). Henceforth we shall call anomalies these significantly overpredicted mass resonances.
We carry out a general analysis of the anomalies: we identify them and we propose a plausible physical mechanism to give correctly account of their masses. Among the anomalies we find large-energy-step anomalies, that correspond either to radial excitations as the ∆ P 33 (1600) and the N P 11 (1440) or quark Pauli blocking induced states as the ∆ D 35 (1930) and the ∆ P 31 (1750) [12] .
Given the large radial excitation energy and the large mass predicted for quark Pauli blocking induced states, one may wonder about the possibility that 4q1q components may be energetically competitive, despite the extra quark and antiquark masses. Thus, they could greatly contribute, altogether with 3q components, to the formation of the bound structures. In order to examine this possibility at a phenomenological level we look for 4q1q components in the form of inelastic meson-baryon channels in relative S wave (the lowest energy partial wave) with adequate quantum numbers to couple to the anomalies and with thresholds close above their PDG masses. We shall name these components meson-baryon threshold channels or mB channels.
Certainly meson-baryon channel coupling effects may be at work for other resonances not involving either large energy excitation steps or a large mass induced by quark Pauli blocking. The most prominent examples are the Λ S 01 (1405) being mostly interpreted, at the hadron level, as an S wave NK quasi-bound system, and the ∆ F 35 (2000), a bizarre state since its average mass is obtained from three different data analyses, two of them [13] reporting a mass about 1720 (±60) MeV and the other [14] giving a quite different value of 2200 ± 125 MeV. Then by considering two differentiated resonances the ∆ F 35 (∼ 1720) would be a clear candidate for an anomaly.
To go beyond the qualitative analysis of the anomalies we shall consider a system of one confined channel, the 3q 2b , in interaction with one free-channel, a meson-baryon threshold channel mB, with a hamiltonian matrix:
where M 3q 2b stands for the mass of the 3q 2b state, M m and M B for the masses of the meson and baryon respectively and a for a fitting parameter giving account of the interaction. In order to proceed to calculate the eigenvalues we have to choose a particular 3q 2b model and establish a criterion for the choice of the mB channel for each anomaly. We shall use as M 3q 2b the values calculated in Ref. [9] . As mB we shall take for granted the NK channel for Λ S 01 (1405) and the σ N channel for N P 11 (1440). For ∆ D 35 (1930), ∆ D 33 (1940) and ∆ S 31 (1900) we shall select ρ∆ (equivalently we could have preferred the almost degenerate ω∆) as suggested by our phenomenological analysis. For the same reason πN D 15 (1675) will be employed for ∆ F 35 (∼ 1720). For ∆ P 31 (1750) we shall use πN S 11 (1650) and for ∆ P 33 (1600) we shall take πN P 13 (1520).
Although the value of |a| might vary depending on the configurations involved in each (mB) − 3q coupling we shall use for the sake of simplicity the same value in all cases. The M results for |a| = 85 MeV are numerically detailed in Table 5 where the values for M 3q 2b and for (M m + M B ) in the chosen mB channel as well as their probabilities to give M are also displayed. As can be checked the improvement of the description with respect to 3q 2b is astonishing. All the predicted M masses lye very close to the PDG average masses for the anomalies. In Fig. 1 the M values for |a| = 85 MeV are drawn as compared to the experimental mass intervals. We interpret these results as providing strong quantitative support to our former qualitative description of the anomalies. Regarding their nature a look at the probabilities reveal they are mostly meson-baryon states. Actually a meson-baryon probability greater or equal than 50% can serve as a criterion to identify an anomaly. Nonetheless the coupling to the 3q component is essential to lower their masses making them more stable against decay into m + B.
It should be emphasized that similar results could be obtained for any other spectroscopic 3q 2b model through a fine tuning of the value of |a| (note that the small value of |a| as compared to M 3q 2b and (M m + M B ) provides an a posteriori validation of our method). This comes from the expression of the eigenvalues where it is clear that even for |a| = 0 one gets M = M m + M B which according to our mB choice is much closer to the PDG mass of the anomaly than M 3q 2b . This means that concerning the mass of the anomalies the coupling of meson-baryon to 3q components may play the role of a general healing mechanism for spectroscopic models.
SUMMARY
We have studied the heavy baryon spectra by means of the Faddeev method in momentum space. These results should be highly valuable both from the theoretical and experimental points of view. Theoretically, it should be a powerful tool for testing different approximate methods to solve the three-body problem. Experimentally, the remarkable agreement with known experimental data make our predictions highly valuable as a guideline to experimentalists.
Heavy baryons constitute an extremely interesting problem joining the dynamics of light-light and heavy-light subsystems in an amazing manner. While the mass difference between members of the same SU(3) configuration, either3 F or 6 F , is determined by the perturbative one-gluon exchange, the mass difference between members of different representations comes mainly determined by the dynamics of the light diquark, and should therefore be determined in consistency with the light baryon spectra. There is therefore a remnant effect of pseudoscalar forces in the two-light quark subsystem.
For light baryons we propose that 4q1q components, in the form of S wave mesonbaryon channels which we identify, play an essential role in the description of the anomalies, say baryon resonances very significantly overpredicted by three-quark models based on two-body interactions. As a matter of fact by considering a simplified description of the anomalies as systems composed of a free meson-baryon channel interacting with a three-quark confined component we have shown they could correspond mostly to meson-baryon states but with a non-negligible 3q state probability which makes their masses to be below the meson-baryon threshold. The remarkable agreement of our results with data in all cases suggests the implementation of meson-baryon threshold effects as an essential physical mechanism to give account of spectral states poorly described by constituent quark models.
